Few animals of marine origin are found living successfully in the high littoral fringe of tidal shores, which thus can be regarded as an extreme environment for such animals. In Iceland, a notable exception is the semiterrestrial Orchestia gammarellus (Pallas, 1766) (Amphipoda: Talitridae). The discovery of the harpacticoid Itunella muelleri (Gagern, 1922) in cultures of O. gammarellus prompted us to investigate the harpacticoid further. Qualitative samples were obtained from a number of locations around Iceland, as well as from Norway and Scotland. The samples were collected from habitats where O. gammarellus was present or at similar tidal levels where this species was absent. Two of the sampling sites in Iceland were under the influence of warm freshwater springs. Itunella muelleri was generally common in the upper part of the littoral fringe of rocky shores in Iceland and was found in similar habitats in Norway and Scotland. To estimate the vertical distribution of I. muelleri, a transect was taken along the shore in Hvassahraun, southwestern Iceland. On the transect, I. muelleri was restricted to the uppermost stations, being the only identifiable harpacticoid found at the highest station, well above the level of highest predicted tides. Animals living successfully in the high littoral fringe must be able to tolerate a degree of desiccation and a wide range of salinities and temperatures. Laboratory experiments showed that I. muelleri thrived in high humidity out of water and also in 8 ppt and 32 ppt seawater, at both 78 and 208C. The animals survived for months in fresh water, but they only fed sparsely and did not reproduce. The tolerance of I. muelleri to extreme environmental conditions could make this species useful for experimental purposes or as food for fish larvae in aquaculture.
Few animals of marine origin are found living successfully in the high littoral fringe (sensu Lewis, 1964) of tidal shores, which thus can be regarded as an extreme environment for such animals. Semiterrestrial talitrid amphipods are among notable exceptions at higher latitudes (Ingólfsson, 1977; Lincoln, 1979; Tsubokura et al., 1997) . Also, some harpacticoid copepods can withstand a range of salinity and temperature regimes needed to live successfully in shallow rockpools in the littoral fringe, where they are easily exposed to environmental factors like rain and evaporation. A striking example is the harpacticoid genus Tigriopus Norman, 1868 (Dethier, 1980; Damgaard and Davenport, 1994; Davenport et al., 1997; Johnson, 2001) .
When culturing the beachflea Orchestia gammarellus (Pallas, 1766) (Amphipoda: Talitridae), an inhabitant of the high littoral fringe in western Iceland, we discovered that a harpacticoid copepod, later identified as Itunella muelleri (Gagern, 1922 ) (Canthocamptidae) (Fig. 1) , often became abundant in the cultures. The harpacticoids had apparently been accidentally introduced into the beachflea cultures. There was no standing water in the cultures, only seaweed and tissue paper wetted with seawater. This surprising discovery, followed by some preliminary investigations, prompted us to seek answers to the following questions: Where do we find I. muelleri in the field? Is the local distribution of I. muelleri similar to that of O. gammarellus? How does I. muelleri perform under the different desiccation, salinity, and temperature regimes that it is likely to encounter in the field? We hoped that answers to these question might throw some light on adaptations to the extreme environment of the littoral fringe. Also, these answers, coupled with the obvious ease of culture of the species, could give some indication of its potential use, for example in ecotoxicological studies or as fish food in aquaculture.
MATERIALS AND METHODS
Qualitative samples of gravel were taken at several coastal localities in southwestern, northwestern, and eastern Iceland, and in southern and western Norway, mostly in summer and fall, but also in winter in some localities (Table 1) . The samples were taken from habitats where Orchestia gammarellus was present, or at a similar tidal level outside the geographical range of that species (see Ingólfsson, 1996 (Anonymous, 2003) . Station A was located about 1 m vertically above the level of mean high water springs (well beyond the level of maximum predicted high tides), station B was close to that level, station C was near the level of mean high water neaps, station D was close to mean sea level, and station E was slightly above the level of mean low water neaps. The shore is fairly sheltered. The substratum is mixed, mostly pebbles and cobbles with varying degrees of coarse sand between larger boulders and rocks. The eulittoral part of the shore is covered with fucoids. Stations A-C were above the fucoid zone, station C being just above the upper limit of Fucus spiralis L. The uppermost periwinkles (Littorina saxatilis (Olivi, 1792)), often used to mark the upper limit of the littoral fringe (cf. Lewis, 1964) , were found just above station B (at 4.17 m above Chart Datum). Station D was in the high Ascophyllum nodosum (L.) Le Jol. zone, and station E was in the middle of the Fucus serratus L. zone. Additional samples were also taken from cast-up seaweed located between stations B and C. Two samples were taken at each station, each from a circular plot of 269 cm 2 (demarcated by the rim of a 2-L bucket), to a depth of approximately 10 cm. In the laboratory, organic particles were washed from the gravel prior to fixation and than preserved in 5% Formalin. Samples were rinsed through a 125-lm sieve. Samples of cast-up seaweed were rinsed through a 125-lm sieve and weighed wet, and animals were preserved in 5% Formalin. Harpacticoids were counted and identified to species when necessary, but in some cases accurate species determination was not attempted. The substratum was dried and sieved through a series of sieves with 16, 8, 4, 2, and 1 mm mesh, and each size group was weighed separately.
In the laboratory I. muelleri, from a site influenced by warm springs at Kaldrananes, was cultivated on Petri dishes (25 mL) (light regime 12D:12L) at three different salinities, 0, 8, and 32 ppt and at two different temperatures, approximately 78 and 208C. The six resulting treatments had three replicates each, initially containing five females and five males each. The different environmental parameters used in the experiments were chosen in accordance with the possible range of salinities and temperatures the animals might encounter in the field during summer, and further directed by our facilities. Detritus, from which I. muelleri was sorted, was used as food. Initially the cultures were examined daily. The number of live animals and faecal pellets were counted, and the presence of eggs (females lay eggs directly into the environment), nauplii, and copepodites were noted. Subsequently, the cultures were checked 
RESULTS

Distribution
In northwestern Iceland, Itunella muelleri ( Fig.  1 ) was abundant in January high on the shore in gravel sediments at the warm springs of Skarð and Kaldrananes, where the beachflea Orchestia gammarellus was also abundant. The temperature range of these habitats was from 168 to 228C. Itunella muelleri was only found in one of several samples taken below the Orchestia zone, and it was at this time not found high on the shore 100 m or more away from the springs where temperatures ranged 2-48C, nor at Kirkjuból at that time. In September, however, we found I. muelleri in all high shore samples that were taken in northwestern Iceland. The temperature of sampling sites close to the springs was then 14-168C, and 11-128C away from the springs. The species was found in almost all samples collected from the high littoral fringe in southwestern and eastern Iceland (except Viðey and Neskaupstaður), Norway (except Fevik), as well as in O. gammarellus cultures from Millport, Scotland (Table 1) .
Along the shore transect at Hvassahraun, southwestern Iceland, I. muelleri was confined to the three uppermost stations, A-C ( Table 2 ). The species was most abundant at station B, located near the level of mean high water springs. Itunella muelleri was also present in some numbers in cast-up (rotting) seaweed slightly below this level. Only two other harpacticoid individuals (which could not be identified) were found at station A, and only a few additional species were at stations B and C. Schizopera meridionalis Petkovski, 1954, cooccurred with I. muelleri in relatively high abundance at station B. Station C was dominated by Heterolaophonte cf. hamondi Hicks, 1975 , while Nitokra spinipes Boeck, 1865, was the second most abundant species there. A few individuals of both species were found at station B. A dramatic increase in species diversity of harpacticoids occurred at stations D and E. The substratum at the sampling sites at Hvassahraun consisted of varying degrees of coarse sand, while pebbles (not passing through the 16 mm mesh sieve) constituted a large portion at most stations (Table 3) .
Nitokra spinipes and S. meridionalis were not infrequently found with I. muelleri in qualitative samples, both from southwestern and northwestern Iceland. Nitokra spinipes also occurred with I. muelleri at Ö len, Norway.
Survival and Performance in Experiments
Survival was virtually 100% at all salinities (0, 8, and 32 ppt, both at 78C and 208C) after 4 days, and was still high after 22 days, except in fresh water at 208C (Table 4) . In reproducing populations, it soon became difficult to separate the original experimental animals from their offspring. In fresh water, half (16) of the animals were still alive at 78C after 67 days, and one animal was alive after 144 days. At 208C in fresh water, however, no animals survived beyond 67 days (these cultures became infested with large numbers of ciliates, with unknown consequences). The number of faecal pellets that had accumulated in the cultures after 2 days was much lower in fresh water, both at 78C and 208C, than in other cultures (Table 4) . Pellet production was similar at 8 and 32 ppt, when corresponding temperatures were compared. The pellet production was in all cases higher in cultures at 208C than at 78C with the same salinities, except in fresh water.
No reproduction was observed in fresh water. Reproduction occurred in all other cultures, and copepodites undoubtedly reached adult stages in all cultures at 8 and 32 ppt, although difficulties in separating the original adults from their offspring preclude us from stating this firmly except for 8 ppt at 78C and 32 ppt at 208C. The first eggs appeared after 2-4 days at 208C and after 10 days at 78C (Table 4 ). The time of the appearance of different copepodite stages can be taken as a measure of developmental rate. The copepodites developed much faster at 208C than at 78C, while no difference was evident between 8 and 32 ppt when corresponding temperatures were compared (Table 4 ). The first adults were seen at day 95 in cultures at 8 ppt at 78C, but, already at day 29 in cultures at 32 ppt at 208C.
DISCUSSION
Our studies show that Itunella muelleri is common in the upper part of the littoral fringe of rocky or gravelly tidal shores in Iceland, and is found in similar habitats in Norway and Scotland. At Hvassahraun its vertical distribution is similar to that reported for the talitrid amphipod Orchestia gammarellus at nearby Gálgahraun (Ingólfsson, 1976) . However, we also found I. muelleri 30 cm vertically higher up on the shore, at a level well above predicted extreme high water springs, as well as 40 cm lower than the lower limits of O. gammarellus. We cannot of course exclude that I. muelleri may have reached still higher on the shore than to our topmost station, A. To the best of our knowledge no other marine organism at higher latitude has been reported with a similar distribution on the uppermost part of tidal rocky shores, with the exception of organisms living in rockpools. Thus, the rockpool harpacticoid Tigriopus brevicornis (O. F. Müller, 1776) has been found in Britain in pools, extending just beyond the range of levels encompassed by high water neaps and high water springs (Johnson, 2001) . In Japan, Tigriopus japonicus Mori, 1938, has been found in rockpools 6.5 m above high tide mark (Ito, 1970) . Itunella muelleri has a wider geographical distribution in Iceland than O. gammarellus, which is confined to the warmer southwestern coast, except for isolated occurrences at warm springs in the northwest (Ingólfsson, 1996) . Itunella muelleri thrives on algal detritus, and may be found both on cast-up seaweed lying on the shores, as well as the interstices between pebbles and cobbles in the substrata, as is often O. gammarellus (personal observation). In Iceland, I. muelleri has previously been recorded in small numbers from a fully saline tidal pool situated at a level slightly below mean low water neaps, but only in winter months (October-January) (Steinarsdóttir et al., 2003) . This possibly suggests some downward migration in fall, as does the absence of the species at high-level sites away from warm springs at Skarð and Kaldrananes in January, as well as from such sites at Kirkjuból at that time. Additionally, I. muelleri has been identified a number of times from floating seaweed out at sea in all seasons (personal observation). Worldwide, I. muelleri appears restricted to the northern hemisphere, having been recorded from Ireland (Roe, 1958) , Scilly Islands (Wells, 1961) , Scotland (present study), Norway (present study), Sweden (Noodt, 1954) , Finland (Noodt, 1970) , the Karelian coast of the White Sea (Chislenko, 1967) , Germany (Gagern, 1922; Kiefer, 1960 ), Italy (Argano et al., 1995 Berera et al., 2001) , Greece (Berera et al., 2001) and from the Black Sea (Apostolov, 1969) . Its distribution thus covers a wide latitudinal range in Europe. The information on habitat type in these areas is scant. Habitats are described as brackish water (Gagern, 1922; Noodt, 1970) , coastal groundwater (Apostolov, 1969) , rock pools (Roe, 1958) , moist sand (Noodt, 1954; Wells, 1961) , algae (Noodt, 1970) , decomposing vegetation and detritus (Kiefer, 1960; Chislenko, 1967) , and salt marshes (Kunz, 1939 in Lang, 1948 . Previous papers on zonation of harpacticoids on tidal shores have focussed on sediments below mean high water springs (e.g., Wells, 1961; Harris, 1972; Coull et al., 1979; Moore, 1979) . However, Wells (1961) records a few specimens of I. muelleri, from the ''strandline'' and ''average high tide level,'' on the Isle of Scilly. These observations agree fairly well with those made here and also show I. muelleri to be flexible in habitat choice. The wide geographical distribution of I. muelleri and its choice of habitats suggest a wide tolerance to environmental conditions. The species apparently thrives equally well at 8 ppt and 32 ppt, and at 78C and 208C, although both developmental rate and feeding rate are much higher at the higher temperature. Noodt (1970) records the species from Tvärminne, Finland, where the salinity is approximately 6 ppt, while other localities from which the species is recorded are often described as brackish waters, and some are evidently fully marine. Our experiments suggest that the species should be able to tolerate the range in salinity it may encounter in the field easily, and it can survive and feed at a low rate in fresh water for prolonged periods, although it is probably unable to reproduce. The harpacticoid Nitokra spinipes, which often co-occurs with I. muelleri, is known to tolerate a wide range of salinities (Ganning, 1971) , and it can even breed at 0.5 ppt (Wulff, 1972) . Tigriopus spp. can tolerate an extraordinary range of salinities, from almost fresh to supersaline (e.g., Davenport et al., 1997) . While I. muelleri thrives when continuously submerged, it also does well when exposed, at least if the humidity is high. This is in agreement with the observations of David Morritt who reports (personal communication) that he has frequently found his cultures of O. gammarellus swarming with harpacticoids, now identified as I. muelleri.
The high tolerance to desiccation and varying salinities and temperatures and its ease of culture could potentially make I. muelleri a valuable experimental animal, for example in ecotoxicological studies on a par with the harpacticoids Tisbe spp. (Barata et al., 2002) and N. spinipes (Breitholtz and Bengtsson, 2001) , or for mass production as food for larval fish in aquaculture (Rhodes and Daniels, 2001 ). The generation time observed for I. muelleri, from the appearance of the first egg to the appearance of the first adult stage, took at most 25 days at 208C. Further experiments on I. muelleri are needed to compare it to species already in use, some of which have generation times of 8-10 days at certain environmental conditions (reviewed by Hicks and Coull, 1983) .
The harpacticoids N. spinipes and Schizopera meridionalis were encountered several times in samples along with I. muelleri, in both northand southwestern Iceland, and N. spinipes also in western Norway. Itunella muelleri and S. meridionalis have previously been found together in samples from ground water and damp sand on the east coast of Sweden (Noodt, 1954) . Nitokra spinipes is common on the east coast of Sweden in brackish water rock pools (Ganning, 1971; Wulff, 1972) and is found in many parts of the world (reviewed by Lang, 1948) . Heterolaophonte cf. hamondi, which dominated in high abundance at station C at Hvassahraun, has previously been recorded high on the shore on the alga Pelvetia canaliculata (L.) Decne. et Thur in England (Hicks, 1975) .
In conclusion, Itunella muelleri is a marine animal unusually well adapted to the extreme environment of the upper littoral fringe of tidal shores.
